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Cartilage cryopreservation requires optimal loading of protective solutes, most commonly dimethyl
sulfoxide (DMSO), to maximize chondrocyte survival. Previously, diffusion models have been used to
predict the distribution of solutes in tissue samples, but the accuracy of spatiotemporal predictions of
these models have not been validated with empirical studies and remains unknown.
Objective: In this study, magnetic resonance spectroscopic imaging was used to measure the spatial and
temporal changes in DMSO and water concentrations in porcine articular cartilage plugs, throughout 1 h
of solute loading.
Design: A custom NMR spectroscopic imaging pulse sequence provided water and DMSO concentration
images with an in-plane spatial resolution of 135 mm and a temporal resolution of 150 s, repeated for
60 min throughout DMSO loading. Delayed gadolinium-enhanced magnetic resonance of cartilage (d-
GEMRIC) imaging provided ﬁxed charge density and spin-density imaging provided water density
images prior to DMSO loading.
Results: The measured spatial and temporal distribution of DMSO in three different samples was
compared to independent predictions of Fick’s law and the modiﬁed triphasic biomechanical model by
Abazari et al. (2011) with the empirical data more closely agreeing with the triphasic model.
Conclusion: Dynamic NMR spectroscopic imaging can measure spatial and temporal changes in water and
cryoprotectant concentrations in articular cartilage. The modiﬁed triphasic model predictions for the
interstitial distribution of DMSO were conﬁrmed and its advantage over the predictions by Fick’s law
model, which is commonly used in the literature of cryobiology, was demonstrated.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
It has been an interest of researchers in the ﬁelds of cryobiology,
osteoarthritis and cartilage biomechanics to measure and charac-
terize the diffusion of water and different solutes in cartilage and
similar tissues. Developing tissue cryopreservation protocols such
as vitriﬁcation using liquidus-tracking1 or stepwise cooling2
requires knowledge of the cryoprotective agent (CPA) distribution
in the tissue at each step before moving on to the next step of
cooling. Also, it is observed that the central and deep zones of.B. Thompson, Department of
acility, University of Alberta,
; Fax: 1-780-492-8259.
ri), janet.elliott@ualberta.ca
cGann), richard.thompson@
s Research Society International. Particular cartilage are more susceptible to an unknown type of
cryoinjury after transplantation2. Having a spatially and temporally
resolved map of water and solutes in cartilage during the exposure
of the cartilage to CPA solution can help in understanding and
addressing these issues.
Different methods have been employed to characterize cartilage
water permeability and the diffusion of solutes, including freeze-
substitution3, radiotracers4 and spectroscopic MR5,6,7,8,9,10,11,12. All
of these studies provide an estimate of the “overall” CPA concen-
tration in the tissue. Some of these methods are invasive, and none
of the methods provided a real-time spatially-resolved measure-
ment of solute concentration in cartilage. In part, this could be due
to the difﬁculties with developing measurement techniques with
sufﬁcient simultaneous spatial and temporal resolution that can
also distinguish water and solute signals. Spectroscopic imaging
with 1H NMR is conventionally a relatively slow experiment,
previously without the capability to provide the sufﬁcient spatialublished by Elsevier Ltd. All rights reserved.
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study the diffusion dynamics13. Nonetheless, the spatial and
temporal distribution of the CPA in the tissue samples is currently
available only from predictions made by diffusion models devel-
oped for this purpose. Without experimental conﬁrmation, the
degree of the accuracy of these predictions is unknown and error
estimation for these predictions is impossible.
The ﬁrst objective of this paper is to demonstrate the capability
of spectroscopic imaging with NMR to provide real-time spatially-
resolved distributions of water and the common CPA dimethyl
sulfoxide (DMSO) in articular cartilage, over the course of
a loading experiment14. The second objective of this paper is to
compare the experimental results of diffusion experiments in
cartilage with the simulation results using realistic,
sample-speciﬁc conditions including cartilage thickness and initial
distribution of solid volume fraction and ﬁxed charge density
(FCD), all of which can be measured with NMR in each sample. The
experimental data were compared with the predictions of Fick’s
law diffusion model, and the modiﬁed biomechanical model by
Abazari et al. (2009, 2011)14,15 which combined the triphasic
model of cartilage with nonideal-nondilute solution thermody-
namics by Elliott et al. (2007)16, Elmoazzen et al. (2009)17 and
Prickett et al. (2010)18.
Materials and methods
Preparation of cartilage plugs
Porcine knee joints were collected from a local slaughterhouse
within 4 h after death. First, cartilage health for each joint was
estimated by assessing chondrocyte membrane integrity using
Syto13/ethidium bromide, in one cartilage-bearing bone graft
(dowel) from the femoral head of each joint. Dowels, 10 mm in
diameter andw5e10 mm in length including the bone, were held
suspended in 50 ml PBS-ﬁlled vials. Before immersion, the PBS
solution was ultrasonically degassed at 37C for at least 30 min, to
minimize the formation of bubbles on the cartilage surfaces during
the experiments.
Fixed charge and water distribution measurements
The spatial distribution of water in the three samples in buffer
solution were measured using spin-density-weighted NMR as
detailed elsewhere15. To measure the FCD, the delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (d-GEMRIC)
technique was employed19. The longitudinal relaxation time (T1) of
the water in the cartilage was measured ﬁrst at baseline and
secondly after loading with a gadolinium contrast agent, Gd-DTPA
(Magnevist, Bayer Inc. Toronto). Baseline T1 images of the
sample were acquired, after which the samples were placed in
a media solution (DMEM/F12 þ GlutaMAX, GIBCO) with added
1 mM Gd-DTPA (Magnevist 0.5 mmol/ml, Bayer Inc.) and were
kept at 4C overnight. The T1 experiments were repeated the
following day, along with proton density imaging, to quantify the
FCD and water distribution in each sample.
DMSO loading and NMR spectroscopy protocols
The dowels were removed from the PBS þ Gd-DTPA solution
and were immediately transferred into a 50ml Eppendorf vial ﬁlled
with 6MDMSO in PBS solution plus 1mMGd-DTPA, with the onset
of spectroscopic imaging within 5 min of immersing the sample.
Spin-density imaging e Images with signal intensity that is
proportional to water density were acquired with a gradient-echo
pulse sequence with the following sequence parameters: ﬂipangle ¼ 30, repetition time (TR) ¼ 5 s, echo-time (TE) ¼ 5.8 ms,
2.0 mm slice thickness, in-plane resolution ¼ 135 mm
interpolated to 67 mm. The imaging slice was oriented perpendic-
ular to the cartilage surface, to yield a tissue section as shown in
Fig. 1, right. Imaging was repeated with increased TE ¼ 10, 20, 30,
40 ms, to allow the time constant of signal decay, T*2, to be
calculated and used to correct for T*2 signal loss in the short
TE ¼ 5.8 ms images.
T1 imaging e Quantitative T1 images which were used to esti-
mate the FCD in each sample (d-GEMRIC) were acquired using
a saturation recovery pulse sequence. Identical spatial resolution
and slice prescription was used as described for spin-density
imaging above but with a shorter TR ¼ 1,500 ms and series of
saturation recovery times TI ¼ 40, 70, 100, 150, 200, 250, 350, 500,
750, and 1,500 ms.
Spectroscopic imaging during DMSO diffusion e A custom
designed echo-planar spectroscopic imaging pulse sequence20 was
used to generate images of water and DMSO throughout the DMSO
loading experiment. This approach facilitates the acquisition of
spatially-resolved images repeatedly during the free-induction
decay following excitation, which allows the water and DMSO
contributions to the total image intensity to be spectroscopically
separated. Pulse sequence parameters were: ﬂip angle ¼ 15,
TR ¼ 500 ms, 2 mm slice thickness, 135 mm in-plane spatial reso-
lution, with a minimum TE ¼ 4.63 ms and with repeated acquisi-
tions every 1.9 ms, for 128 repetitions (i.e., 128 images), spanning
250 ms following excitation. Excitations were repeated every
500 ms to complete 300 phase-encoding steps. Complete spec-
troscopic images were acquired every 150 s for 60 min following
immersion of the sample in the DMSO solution, with the ﬁrst
images acquired at 5 min (30 s). After the end of each experiment,
the cartilage was removed without moving the container and the
solution was scanned to acquire a reference for the correction of
reception electromagnetic ﬁeld (B1) inhomogeneities which will
modulate the received signal intensities over space.Water and DMSO signal processing
Analysis was performed only as a function of depth into the
cartilage, with all pixels at equal depths averaged together to
increase the signal-to-noise ratio. For the spectroscopic imaging
experiment, the NMR signal collected can be represented as the
sum of the water and DMSO signals:
Stotal ¼ Swater þ SDMSO (1)
Stotal is the total signal received by the RF antenna, with one sample
for each of the 128 repeated acquisitions. The evolution of the
signal from water and DMSO over time follows the equations
below:
SwaterðtiÞ ¼ NwaterexpðiuwatertiÞexp

 ti=T*2 water

(2)
SDMSOðtiÞ ¼ NDMSOexpðiuDMSOtiÞexp

 ti=T*2 DMSO

(3)
In the above equations, Nwater and NDMSO represent the number
of protons (hydrogen atoms) in water and DMSO, uwater and uDMSO
are the corresponding resonant frequencies, T*2 is the time constant
of signal decay and ti are the discrete acquisition times following
excitation. The second factors in Eqs. (2) and (3) represent the
relative resonance frequencies, or equivalently, phases of the water
and DMSO signals at each time point. The third factor expresses the
decay of the signal over time. The distinct resonant frequencies,
reﬂecting the different molecular structures of water and DMSO via
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Fig. 1. (Top) An MR image of a sample cartilage dowel. The region indicated by the black rectangle is the area selected by the user for the signal analysis. The zoomed region shows
the locations selected for illustrative examples of the data processing, within the solution, and in mid- and deep tissue locations (below). (Bottom) Sample free-induction decay
NMR signals for middle and deep cartilage and within the solution at 5, 15 and 60 min after the start of the diffusion experiment (circles). In the ﬁrst 5 min, there is no DMSO deep in
the tissue and the collected signal is only from water and thus a single frequency is apparent. With DMSO diffusion over time, increasing oscillation can be seen in the total signal
from deep in the tissue, reﬂecting the presence of water and DMSO characteristic frequencies. Within the solution, the measured signals do not change with time after immersion
fromwithin the solution. The solid lines show the best ﬁt of Eqs. (1e3) to the empirical data (circles). The best ﬁt values for the intensity of water and DMSO (in AU) is reported on
each graph, and the residual error in the ﬁtting is shown as a dashed line.
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acquired from their hydrogen atoms to be separated. The time, ti, is
the echo-time, or time after excitation at which data points are
acquired, which have 128 discrete values of ti from 4.63 to
247.83 ms with 1.90 ms increments, for all experiments. This is
distinct from the intervals at which complete spectroscopic
imaging experiments are repeated after immersion of samples in
the DMSO solution, which is 150 s.
There are six unknown parameters in Eqs. (2) and (3): Nwater,
NDMSO, uwater, uDMSO, T*2 water and T
*
2 DMSO. Sampling the total signal
Stotal after excitation at 128 times (ti) provides sufﬁcient data for
determination of the six aforementioned unknowns. Examples of
the acquired free induction decays are shown in Fig. 1.Data analysis
All data analysis was performed using custom written code in
MATLAB (ver. 2008b, Natick, MA, USA). For each sample, a 2 mm
wide rectangular region (Fig. 1, top) was selected to include the full
depth of the cartilage beginning at the bone interface and
continuing to within the solution. The acquired total signal from
each point in time and space (xi, ti) from within the rectangle was
plotted vs time to yield data similar to that shown in Fig. 1, bottom,
for each spatial location, with complete analysis repeated for times
after immersion every 150 s starting w5 min after placing the
sample in the DMSO solution. Examples of Stotal time courses are
shown at three sample locations (deep cartilage, middle cartilage
A. Abazari et al. / Osteoarthritis and Cartilage 20 (2012) 1004e1010 1007and solution) and at three representative times (5, 15 and 60 min)
after immersion in Fig. 1. As shown in Fig. 1, for different locations
within the cartilage, an increase in themagnitude of the oscillations
reﬂects the inﬂux of DMSO over time. Note that only 66 ms of the
total 250 ms of data acquisition following excitation is shown in
these ﬁgures. The total signal received from each pixel over time,
Stotal (ti), within the rectangular region was ﬁt to Eqs. (1e3) and the
best values of the six parameters were calculated separately for
each spatial location within the cartilage, xi, by multidimensional
unconstrained nonlinear minimization (NeldereMead) for six
parameters. As shown in Fig. 1, the Stotal time intensity curves are in
arbitrary units (AU), as the total received signal is scaled auto-
matically by the NMR scanner to fall within a set dynamic range of
values. DMSO concentrations, as detailed below, are determined
from the ratio of DMSO and water signals.
Calculation of DMSO concentration
The ratio of DMSO to water signals, corrected for the number of
1H protons per molecule (two in water and six in DMSO), density
and molecular weights, represents the DMSO concentration, as
below:
CDMSO ¼ ðNDMSO=6Þ=½ðNDMSO=6ÞðMWDMSO=rDMSOÞ þ ðNwater=2Þ
 ðMWwater=rwaterÞ
(4)
MW and r represent molecular weight and density of the
water and DMSO. The DMSO concentration, CDMSO, is in molar
(moles per liter of solution) with MWDMSO ¼ 0.07813 kg/mol,
MWwater ¼ 0.01802 kg/mol, rDMSO ¼ 1,101 kg/m3 and
rwater ¼ 1,000 kg/m3, all at room temperature.
Simulations
To compare measurement results with simulations, the initial
thicknesses of the cartilage in each sample were measured before
immersion in DMSO solution. The simulations were done using theFig. 2. Normalized distributions of water, referenced to the buffer solution surrounding thebiomechanical model introduced in our previous work15 with
initial water and proteoglycan distributions, as measured in the
previous section and with the same concentration boundary
conditions as in the actual experiments. The values of the
model transport parameters for DMSO in porcine cartilage
were taken from our previous study15 at room temperature
(22C): Dcw ¼ 2.3  1010 m2/s, Ksw ¼ 9.0  1016 m4/Ns,
Kcs ¼ 0.5  1016 m4/Ns, and HA ¼ 17,000$cfc using inhomogeneous
initial conditions. To compare the simulation results of the
biomechanical model to the Fick’s law model, which is generally
used in the literature, and assess the improvement in using the
biomechanical model over using Fick’s law of diffusion, the spatial
distributions of DMSO at the same time points, t ¼ 5, 15 and 60 min
were calculated using Fick’s law for all three samples. For the
prediction of DMSO proﬁle using Fick’s law, the diffusion coefﬁcient
for DMSO in cartilage Dcw ¼ 3.1  1010 m2/s at room temperature
was taken from the work of Jomha et al.21.Results
Water and DMSO distributions
In Fig. 2, the results of the measurements for water density and
calculations of FCD for three samples are plotted vs normalized
distance from the bone-cartilage boundary. On the y-axis on the
left, water density, and on the y-axis on the right, calculated FCD are
shown. All three samples had similar increasing patterns of FCD
from the surface toward the bone. The data for each sample as in
Fig. 2 were used in this article as initial conditions for modeling.
The spatially and temporally resolved water and DMSO signals
in AU, Nwater and NDMSO, appear in Fig. 3, for samples A, B and C,
respectively. The time to acquire the ﬁrst data point after
immersing the sample in the DMSO solution, re-shimming of the
static magnetic ﬁeld and starting the pulse sequence was
5 min  30 s.
In Fig. 3, water signal intensity is plotted vs the location across
the length of the respective rectangular regions at 5, 10, 15, 30, 45
and 60 min after the immersion of the samples in the 6 M DMSOcartilage sample, and FCD for samples A, B and C (Data reported partially in Ref. 15).
Fig. 3. Graphs of water and DMSO signal intensities in AU vs location and time for samples A, B and C. The approximate location of the tissueesolution interface is indicated.
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directly visualized, but is approximated by the onset of the devi-
ation of the water and DMSO signals in moving into the tissue
from the solution, as indicated in the ﬁgures. On all the ﬁgures,
initial thicknesses of the respective cartilage samples are identi-
ﬁed. For sample A, the water density continuously decreased over
time at all points with less than 2.1 mm distance from the bone-
cartilage boundary. This distance was 1.8 mm for sample B and
2.1 mm for sample C. For the purpose of calculations and simu-
lations in the following sections, these distances were considered
as the thickness of the respective samples. The decrease in water
density over time is a combined effect of water dilution with
DMSO diffusing into the tissue, and water movement from the
tissue to the solution. Water signal intensity for the few points at
the farthest from the bone-cartilage boundary didn’t change
signiﬁcantly, conﬁrming the location of those points within the
solution.
In Fig. 3, the DMSO signal intensity data in AU are also plotted vs
the distance from the bone-cartilage boundary at 5, 10, 15, 30, 45
and 60 min after immersion in the 6 M DMSO solution. The change
in DMSO signal intensity was signiﬁcant in the ﬁrst 5 min, with
reduced changes moving towards the bone interface. For all
samples, the DMSO concentration continued to increase over time
across the thickness of the cartilage toward the bone-cartilage
boundary.DMSO concentration
The results for cDMSO, calculated from the data in Fig. 3 and based
on Eq. (4), are plotted in Fig. 4 for 5, 15 and 60 min. The increase in
the DMSO concentration close to the presumed location of the
cartilage-solution boundary (2.1, 1.8 and 2.1 mm for samples A, B
and C, respectively) was fastest in the approach to equilibrium
(within 5 min). The DMSO concentrations at the bone-cartilage
interface for samples A and C, which had similar thicknesses
(w2.1 mm), were 2.7 and 2.5 M after 60 min. The DMSOconcentration on the bone-cartilage boundary for sample B, which
had a smaller thickness than the other two (w1.8 mm) was 3.2 M.
Also, the concentration data showed no diffusion from the bone
side as expected.Discussion
Magnetic resonance imaging and spectroscopy are used widely
in imaging of biological tissues and processes, and have been used
previously in the study of tissue cryopreservation, but have not
previously been used to spatially and temporally resolve the
dynamic changes in water and solute content in tissue. This
information was previously only available through modeling11,12,22
and was not conﬁrmed by any measurement methods. In this
study, we examined the distribution of a common CPA, DMSO, in
articular cartilage using Proton (1H) NMR spectroscopy and
compared it with current modeling predictions and the predic-
tions of the modiﬁed biomechanical model introduced in our
previous studies.
The calculated concentrations of DMSO in the solution, which
includes the data points at the right-end of the concentration
proﬁles (>2.5 mm) in Fig. 4, are very close to the prepared 6 M in
the three experiments. The average calculated concentration
using Eq. (4) for the data collected from within the solution was
5.95 M, 6.01 M and 6.02 M for samples A, B and C, respectively
(<1% deviation), which validates the MR analysis using
Eqs. (1e4). As expected, the DMSO concentration increases ﬁrst
near the surface and latest at the tissue bone interface in all
samples.
In the continuous rising trend of DMSO concentration from the
bone toward the surface, a small fall near the surface of cartilage is
observed in Fig. 4 for all samples, which could be due to motion of
the boundary or magnetic ﬁeld inhomogeneities at the cartilage
surface, but is not suspected to represent an actual drop in DMSO
concentration. These ﬂuctuations are less signiﬁcant in samples B
and C than for sample A, and the concentration smoothly continues
Fig. 4. Comparison between the DMSO diffusion data from the NMR experiment after
5, 15 and 60 min of exposure, with the Fick’s law predictions and the biomechanical
model predictions, for samples A, B and C.
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presented in Fig. 4 clearly demonstrated the ability of the applied
MR pulse sequence used in this study to spatially and temporally
resolve the distribution of DMSO in the cartilage matrix.In Fig. 4, the biomechanical model predictions for the DMSO
distribution are closer matches to the NMR data than Fick’s law
predictions at all three time points selected for each of the three
samples (only three time points were selected to keep the graph
readable). The Fick’s law predictions monotonically increase
throughout the thickness of the cartilage at all times. The predicted
movement of the cartilage-bath boundaries by the biomechanical
model can be observed by the retreating boundary of the dashed
lines, where the dashed lines reached the concentration of 6 M at
the right-end of Fig. 4. Fick’s law does not predict any shrinkage and
movement of the boundary. In Fig. 4, both the biomechanical model
and the Fick’s law model predictions for DMSO concentration are
close to the data early in the simulations (t ¼ 5 min). With further
progress of the simulations, the Fick’s law predictions are consis-
tently lower than the data and the biomechanical model predic-
tions. It may be speculated that, since Fick’s law does not predict
the shrinkage and movement of the cartilage-bath boundary, it
predicts the diffusion of DMSO for a thicker cartilage at all times
(with the initial thickness) compared to the biomechanical model
which predicts the shrinkage of the cartilage and as a result
predicts the diffusion of DMSO in a thinner cartilage in the ﬁrst
60 min of the simulations.
In Fig. 4, the minimum DMSO concentrations after 60 min in
the samples A, B and C were 2.7 M, 3.2 M and 2.5 M, respectively.
The predictions of the biomechanical model for the concentration
in cartilage (close to the bone-cartilage boundary) were very
close to the experimental data in samples A and C (<0.5 M
difference at all points), and were somewhat close in sample B
(<0.8 M difference at all points) after 60 min. In general, the
predictions of the biomechanical model and the Fick’s law
models were closer to the data in samples A and C than in sample
B. This could be due to a smaller actual thickness of the sample B
than the thickness used in the simulations. For samples A and C,
the predictions of the biomechanical model at all points within
the cartilage were much closer to the data than the predictions
from Fick’s law which were off by 1e2 M throughout the cartilage
thickness in samples A and C.
The results of the comparison between the DMSO diffusion data
and the biomechanical model predictions in this section showed
that there is a good qualitative and quantitative agreement between
the two. The difference between the predictions of the biome-
chanical model and Fick’s law conﬁrmed the strength of the former
over the latter in predicting the diffusion of the CPA in cartilage
more accurately and precisely. It is important to emphasize that
both theoretical predictions shown in Fig. 4 are independent of the
experimental data to which they are compared. The biomechanical
model predictions are conﬁrmed by experiment to be an accurate
description of DMSO transport in articular cartilage. The results
presented in this study exempliﬁed the strength of the biome-
chanical model predictions over the Fick’s lawmodel used currently
in the literature, amongst its other strengths such as predicting total
ﬂuid weight change and shrink-swell behavior of cartilage14,15 and
the resultant mechanical stress-strain in the cartilage and
mechanical and osmotic stresses on the chondrocytes15.
Limitations of the NMR method
The location of pixels where the MR signal is collected is ﬁxed in
space, while the actual tissue domain moves as a result of dehy-
dration and shrinkage. This could introduce a potential source of
error to the analysis of the data where the signal received from
a speciﬁc point in space would not be from the same speciﬁc point
in the cartilage over time. It was not possible to directly image the
true tissueesolution interface due to poor contrast at the interface,
which is a result of high water content in articular cartilage at the
A. Abazari et al. / Osteoarthritis and Cartilage 20 (2012) 1004e10101010surface (<10% solid material). However, based on the observations
in this study (data not shown) and the simulation results presented
in Fig. 4, the motion of the cartilage surface within the span of the
diffusion experiment was approximated to be on the order of one
image pixel.
Conclusion
Using a custom echo-planar spectroscopic imaging sequence,
which was designed to balance the required signal-to-noise ratio
with the spatial and temporal resolution needed for the study of
articular cartilage, we conﬁrmed the ability of NMR to measure
changes in water and DMSO content on the time scale of minutes
and with resolution of 135 mm, which was the ﬁrst goal of this
study. As these measurements are the ﬁrst spatially and temporally
resolvedmeasurements of themovement of CPA into cartilage, they
serve as support for the modeling.
Comparison of experimental results with the simulation results
using realistic, sample-speciﬁc conditions including cartilage
thickness and initial distribution of solid volume fraction and FCD,
demonstrated the superior performance of the biomechanical
model14,15 over Fick’s law for the spatial and temporal distributions
of DMSO concentration in the cartilage matrix. In general, the
biomechanical model predicted the distribution of DMSO concen-
tration in three different pieces of cartilage very closely. The
biomechanical model predictions were solely made using values of
transport parameters which were obtained by ﬁtting the biome-
chanical model to an overall CPA uptake data obtained in
completely independent experiments. Therefore, the close agree-
ment between the biomechanical model and the data signiﬁed the
advantage of using the biomechanical model over a Fick’s law
model for predicting interstitial CPA distribution, amongst other
advantages as described in our previously published studies14,15.
This builds conﬁdence in the model predictions for further
modeling work and applications in tissue cryopreservation.
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